Sarnia, ON experiences pollutant emissions disproportionate to its relatively small size. The small size of 13 the city limits traditional top-down emission estimate techniques (e.g., satellite) but a low-cost solution for emission 14 monitoring is Mobile-MAX-DOAS. Measurements were made using this technique from 21/03/2017 to 23/03/2017 15 along various driving routes to retrieve vertical column densities (VCDs) of NO 2 and SO 2 and to estimate emissions 16 of NO x and SO 2 from the Sarnia region. A novel aspect of the current study was the installation of a NO x analyzer in 17 the vehicle to allow real time measurement and characterization of near-surface NO x /NO 2 ratios across the urban 18 plumes, allowing improved accuracy of NO x emission estimates. Confidence in the use of near-surface measured 19 NO x /NO 2 ratios for estimation of NO x emissions was increased by relatively well-mixed boundary layer conditions. 20 These conditions were indicated by similar temporal trends in NO 2 VCDs and mixing ratios when measurements 21 were sufficiently distant from the sources. Leighton ratios within transported plumes indicated peroxy radicals were 22 likely disturbing the NO-NO 2 -O 3 photostationary state through VOC oxidation. The average lower limit emission 23 estimate of NO x from Sarnia was 1.60 ± 0.34 tonnes hr -1 using local 10 m elevation wind-speed measurements. Our 24 estimates were larger than the downscaled annual 2017 NPRI reported industrial emissions of 0.9 tonnes NO x hr -1 .
estimating NO x and SO 2 emissions in relatively small, highly industrialized regions especially when supplemented 30 with mobile NO x measurements. 31 1 Introduction 32 Differential Optical Absorption Spectroscopy (DOAS) is a remote sensing technique that quantifies tropospheric out via careful note taking. The instrument indirectly measures NO 2 by subtracting the NO chemiluminescence 136 signal obtained when air bypasses a heated Molybdenum (Mo) convertor from the successive total NO x 137 chemiluminescence signal obtained when air passes over the Mo-convertor. The NO x analyzer can overestimate NO x 138 and NO 2 due to the potential contribution of other non-NO x reactive nitrogen oxides (NO z ) other than NO 2 that can 139 also be reduced to NO by the Mo converter (HNO 3 , HONO, organic nitrates, etc.), leading to an overestimation 140 (Dunlea et al., 2007) . Since this overestimation is more important in low NO x regions, only data with NO x mixing 141 ratios > 3 ppb were used. Mixing ratios of <3ppb NO 2 were only measured outside of plume-impacted regions when 142 NO 2 VCDs were also low. The potential error in NO x /NO 2 ratios is addressed further in section 3.2. NO x mixing 143 ratios can also have an error when successive NO and NO x measurements occurred in areas with a significant 144 temporal gradient in the NO x emissions. Such gradients were seen due to passing vehicles or localized industrial 145 NO x plumes. These data were removed based on records of passing vehicles and other local near-surface sources or 146 whenever the NO 2 mixing ratios were reported as negative. Few data points were removed because the routes driven 147 were primarily rural roads with extremely low traffic density.
148
Aura satellite Ozone Monitoring Instrument (OMI) data were obtained for overpasses of the Sarnia, Ontario area for 149 Days 1 and 3. Tropospheric NO 2 VCDs are the NASA Standard Product Version 3.0 with AMFs recalculated using 150 the Environment and Climate Change Canada regional air quality forecast model GEM-MACH. The OMI 151 instrument makes UV-vis solar backscatter radiation measurements with a spatial resolution of 13x24 km 2 at nadir 152 and up to 28×150 km 2 at swath edges (Ialongo et al., 2014) . The NO 2 detection limit of OMI is 5×10 14 molec cm -2 153 (Ialongo et al., 2016) . The OMI data used were screened for row anomalies that have affected OMI data since June 154 2007 (Boersma et al., 2007 . 
163
These DSCDs were corrected for SCD(FRS) and SCD(Solar Zenith Angle (SZA)) contributions using the DSCD offset 164 method (Wagner et al., 2010) . The SCD(FRS) is the constant tropospheric trace-gas SCD component present in the 165 FRS that causes an underestimation in the fitted DSCD. The SCD(SZA) is the difference between the stratospheric 166 trace-gas component in the FRS and the measured non-zenith spectra. SCD(SZA) varies over time of day (t i ), 167 maximizing overestimation in the DSCD early and late in the day. The sum of SCD(FRS) and SCD(SZA) is 168 collectively known as the DSCD offset . The DSCD offset (t i ) function was estimated by fitting a second order 169 polynomial to multiple pairs of DSCDs of spectra (non-zenith and zenith from the same sequence), described in 170 detail in (Wagner et al., 2010) .
171
The DSCD offset polynomial is most accurate when successive spectra in each sequence observe similar mixing ratio 172 fields, and measurements obtained many data-points over most of the daylight hours. However, routes on Days 2 173 and 3 included driving in and out of both high and low NO x regions within short time-periods and thus met neither 174 of the requirements listed above for the DSCD offset method. On these days, a second method was used where NO 2 175 DSCDs were fit against an FRS spectrum obtained close in time (<25 minutes) along each respective route in a low-176 pollutant region. The impacts of SCD(FRS) and SCD(SZA) on the retrieved DSCDs can be assumed to be negligible 177 since each FRS was from a low-pollutant area and obtained close in time, respectively. This method was also used 178 for the Day 1 SO 2 route since limited data were available but included background SO 2 measurements close in time.
179
For all routes trace-gas tropospheric VCDs were determined by assuming a single scattering event occurred for each 180 photon such that the air-mass factor (AMF) depended only on the viewing elevation angle, ∝, AMF trop (∝) ≈ 1 sin (α) 181 (Brinksma et al., 2008 )(Wagner et al., 2010 . This "geometric approximation" is most valid under low to moderate 182 aerosol loading and has been shown to deviate from the typically more accurate radiative transfer modelling by up to 183 ±20% under moderate aerosol loading (Shaiganfar et al., 2011) . Day 1 VCDs were calculated following Eq. (1):
Days 2 and 3 NO x and Day 1 SO 2 VCDs were calculated following Eq. (2):
The VCD of SO 2 was above detection limit on only two occasions in this study (both on Day 1), in contrast to NO 2 .
186
The detection limit of SO 2 is higher than NO 2 for several reasons, first, it's differential cross section is less than that 187 of NO 2 and, second, its absorption features are in the UV wavelength region where scattered sunlight intensity is 188 much less than that in the visible region. The fast measurements required in mobile DOAS also allow limited 189 averaging of spectra compared to stationary measurements (Davis et al., 2019) , where detection of industrial SO 2 190 plumes is easier. Therefore, SO 2 DSCDs were only above detection limits for Day 1 Routes 3 & 4 when the light 191 levels were highest, and the vehicle observed the combined plumes of the largest SO 2 sources in the area.
192

Estimating Trace-gas Emissions from MAX-DOAS VCDs
193
Trace-gas emission estimates were calculated following a flux integral approximation Eq. (3):
where VCD outflow,i is the VCD measured at position i along the route s for distance ds, VCD influx,i is either the 195 measured influx values or the estimated background VCD value, w i is the wind-speed, β i is the angle between the 196 driving direction and the wind-direction, MW is the molecular weight of the target gas, and Av is Avogadro's 197 number. Transect routes were designed to observe both within and beyond emission impacted areas since routes 198 encircling the emission sources were often not possible. Flux integrals were calculated using portions of the 199 transects impacted only by the Sarnia urban/industrial plume in cases where plumes from other sources impacted the 200 transect (i.e., Day 1; U.S.A. power-plant plumes). In these cases, the end-points of integration were chosen 201 judiciously where NO 2 VCDs and surface mixing ratios decreased to a minimum at the edge of the Sarnia emissions.
202
This method assumes that the wind-field and trace-gas emission rates are constant during the time required to drive a 203 route. The validity of this assumption improves with decreased time for driving route completion. The Sarnia region 204 is ideal for this method since a small geographical area contains the majority of the emissions and is surrounded on 205 three sides by rural regions with low anthropogenic emissions.
206
A potential source of uncertainty in Mobile-MAX-DOAS emission estimates is variation in the wind fields and/or 207 source emission rates while driving (Ibrahim et al., 2010; Wu et al., 2017 
215
82.4208°) meteorological stations that are located near the driving routes ( Fig. 1) . These stations were surrounded 216 by fallow, flat farm-land for at least 4 km on each side and thus should reflect total boundary layer for plumes 217 transported away from the city more than the urban stations ( Fig. S1 ). The hourly wind-direction data from the 218 modular and permanent stations exhibited similar values (±10 o ) and trends on Day 1 (Fig. S2 ). Wind-directions for 219 Days 2 and 3 were obtained by determining the angle of a vector drawn between the geographical locations of the 220 maximum NO 2 VCD enhancements and the industrial facilities expected to have emitted the plumes. These map-
221
determined wind-directions were consistent (+/-10 o ) with the data from the station(s) closest to the driving route.
222
Comparison of wind-speed data on Days 2 and 3 was not possible due to a technical issue with the modular weather 223 station on these days.
224
The NO 2 VCD influx (background VCD) was estimated on Day 1 since measurement was impossible along the 225 western border of Sarnia due to the road configuration and proximity of industrial emissions. A NO 2 VCD influx =
226
2×10 15 molec cm -2 was estimated based on OMI satellite VCDs of ~1.5-3.5×10 15 molec cm -2 from the area east of
227
Sarnia that are expected to be similar to the NO 2 regime west of Sarnia. These pixels are expected to be unaffected 228 by other sources. The influx would be expected to be impacted by vehicular and residential emissions from the small 229 city of Port Huron, U.S.A., on the west side of the St Clair River (Fig. 1 
260
the ratio of NO 2 VCD to NO 2 mixing ratio was sometimes variable even during relatively short time periods when 261 the boundary layer height was expected to be constant ( Fig. 2a ). This variability was probably due to the presence of 262 multiple NO x plumes that had originated from sources with different heights (i.e., stacks and surface sources) and 263 emission rates.
264
In contrast to Days 1 and 2, NO 2 VCD enhancements on Day 3 were not consistently associated with NO 2 surface 265 mixing ratio enhancements (Figs. 5 & 6) . A large surface enhancement (NO x =22 ppb) was observed at the location 266 of the VCD NO 2 enhancements (~2.5×10 16 molec cm -2 ) associated with the NOVA Chemicals industrial plume on 267 route 2 (Figs. 5b & 6b) but not on route 1 (Fig. 5a & 6a ). This discrepancy is likely due to the closer proximity of 
272
The NO x /NO 2 ratio is necessary to estimate NO x emissions from the source, given measurements of NO 2 VCD's 273 (Eq. 4). Ratios of NO x /NO 2 (Table 2) 
279
Potential errors may exist in the NO x /NO 2 ratio due to the presence of other NO z species in the air mass (e.g., HNO 3 ,
280
HONO, NO 3 , N 2 O 5 , organic nitrates, etc.) that are also converted to NO by the Mo-convertor in addition to NO 2 281 (Dunlea et al., 2007) . However, these errors are smaller than might be expected due to the presence of the error in 282 both the numerator and the denominator of the ratio, NO x /NO 2 =(NO+NO 2 )/NO 2 , thus partially offsetting each 283 other. For example, at an apparent NO x /NO 2 ratio of 1.40 (average in 
, which would give rise to an error in the NO x /NO 2 ratio of <5%. In the current study we estimate that the 292 resultant negative bias in the measured NO x /NO 2 ratio does not exceed -5% for several reasons; i) we filter out low 293 NO x data (<3ppb), ii) the emission integral is dominated by regions with high NO x that are spatially and temporally 294 close to the sources and, iii) photochemistry was reduced during this spring campaign. The uncertainty that arises 295 from potential errors in the NO x /NO 2 ratio is insignificant compared to other errors (see Supplemental Table S9 ). It
296
is also worth noting that NO 2 measurements by the NO x analyzer are not directly used for the calculation of 297 emissions; only the NO x /NO 2 ratio is used. 
where j NO2 is the NO 2 photolysis rate, k 8 is the temperature-dependent rate constant for the reaction between NO and 346 O 3 . Leighton ratios equal to 1.0 indicate that NO, NO 2 and O 3 are in steady state with no significant interference 347 from other species, while ratios of φ greater than 1.0 imply the role of other peroxy radical species (e.g., RO 2 , HO 2 ) 348 in the conversion of NO to NO 2 (Pitts and Finlayson-Pitts, 2000) . The NO 2 /NO ratios were obtained from the NO x 349 analyzer measurements, O 3 mixing ratios were obtained from local monitoring stations during the same daytime 350 periods as the transects. Values of j NO2 were estimated using SLEA Moore Line station solar irradiance data ( Fig. 1; 351 Table S1 ) and solar zenith angle following the method in Wiegand and Bofinger (2000) .
352 Table 2 shows Leighton ratios calculated at the locations of maximum NO 2 VCD enhancements. Calculated
353
Leighton ratios were significantly greater than 1 (φ = 1.7-2.3) at peak NO x locations on Day 1 (Table 2) . Even if we 354 consider a potential bias of + 20% in the NO 2 measurements by the NO x analyzer for reasons outlined in Section 3.2
355
(highly unlikely in a fresh NO x plume), a +20% bias in the Leighton ratio would still give (φ = 1.4-1.9). We 356 interpret this as an indication that significant levels of peroxy radicals were present in the plume, presumably from 357 VOC oxidation by the OH radical. This is consistent with high VOC emissions from the petrochemical facilities in 358 Sarnia, with emission rates >300 tonnes yr -1 each for four of the top six industrial NO x emitters in Sarnia
359
(Environment and Climate Change Canada, 2018d). The Day 2 Leighton ratio of less than 1.0 in Table 2 suggests a 360 relatively fresh plume (only 4 km downwind of a facility) that had not come to photo-stationary state.
361
Thus we have indications that OH production may be lower than summer time leading to longer NOx lifetimes and 362 we have indications that VOC oxidation in the plume may be significant leading to shorter NOx lifetimes than air 363 masses where the photo-stationary state in NO x is valid. Without further information, we have opted to assume a 364 central NO x lifetime assume of ~ 6 hr. Sensitivity calculations were conducted for NO x emission estimates using a range of lifetimes of 4-8 hours (Supplement S7). Varying the lifetime from ± 2 hours changed the emission estimates 366 by <15% for all routes except for Day 1 route 1 due to low wind-speeds during that route (30% change).
367
For the calculation of SO 2 emissions, SO 2 was assumed to have a sufficiently long lifetime in the boundary layer so 368 as to be conserved between the emission and measurement location. Note that cloud processing of SO 2 was assumed 369 to be negligible since SO 2 measurements were completed on a mostly cloud-free day. Table 4 . The values of VCD influx required for the calculations were typically determined from measurements of VCD 375 in low pollution transect areas. However, the VCD influx on Day 2 was not determined in this way since these DSCDs 376 were close to zero within error (Figs. 2 & 4) . The VCD influx is expected to be low on Day 2 because the north wind-377 direction indicates that the air-masses originated from over Lake Huron. These low values were probably due to low 378 light levels during measurement, insufficiently long integration times (low signal to noise ratio) and NO 2 379 background VCD values below the instrument's limit of detection. A low value of VCD influx = 0.5(±0.5)×10 15 molec 380 cm -2 was therefore assumed.
381
The emissions were calculated in two ways i) using a route-average NO x /NO 2 ratio value for each route estimate and 382 ii) using individual NO x /NO 2 ratios co-located with each VCD measurement. For Day 1 route, the route average 383 NO x /NO 2 ratio was 1.53 ± 0.12 ppb ppb -1 with the difference between the calculated emission rates using the two 384 methods being only 3%. Day 1 transects 2-4 exhibited small variability in NO x /NO 2 (Table 4 ) and the variation in 385 the NO x /NO 2 ratio impacted emission estimates by less than 5%.
386
However, the difference between emission estimates calculated using individual NO x /NO 2 ratios versus a route-387 averaged value can be non-trivial, as observed with the Day 2 route 1. Day 2 had consistent northerly wind 388 conditions, and east-west transects were driven south of Sarnia to capture the urban plume and background regions 389 to the east (Fig. 4) . The resultant Sarnia NO x emission using the first method is consistent with the first three Day 1 390 emission estimates but the application of the second method (individual NO x /NO 2 ratios collocated with each VCD) increased the emission estimate by ~50% (Table 4 and Fig. 8 ). The NO x /NO 2 ratio was generally consistent with the 392 averaged value of 1.3 (maximum NO x /NO 2 removed) but increased to 3 in the region of maximum NO 2 VCD 393 enhancements 7 km south of the NOVA Chemicals facility (Table 3 ). The calculated Leighton ratio for this peak 394 NO x /NO 2 ratio location is less than 1 (see 3.4.2 and Table 3 ). The Leighton ratio suggests the plume from the 395 NOVA Chemical facility had significant NO that had not had sufficient time to come to a photostationary state. The 396 emission estimate using individual NO x /NO 2 ratios is considered the more accurate value for this route compared to 397 the emission value calculated using the route-averaged ratio.
398
The importance of measuring the local NO x /NO 2 ratio is also illustrated by observing variation of the ratio due to the 399 impact of the Michigan power-plants' plume, apparent in the Day 1 route 1 East-West transect (Fig. 3a) . The 400 NO x /NO 2 ratio along this transect increased to ~1.7 (Fig. 7) , higher than the maximum NO x /NO 2 ratio observed in 401 the North-South transect downwind of Sarnia. A higher ratio is somewhat unexpected because the distance between 402 the source and receptor measurement for the power plant source was greater than the source-receptor distance for the 403 Sarnia sources. Thus, the power-plant plume would have been expected to be more aged, but the results suggest that 404 the power-plants' plumes had a slower conversion of NO to NO 2 perhaps due to higher initial mixing ratios of NO x 405 (Nunnermacker et al., 2000) . Very high NO mixing ratios in a power plant plume (i.e., > 40ppb) could completely 
408
The East-West transect appears to have captured approximately half of the power-plants' plume since the NO 2 409 VCDs and the NO 2 mixing ratios increase from background to a plateau at a maximum ( Fig. 2a) . A preliminary 410 estimation of the NO x and SO 2 emissions from the power-plants can be determined by scaling up the flux integral 411 from the appropriate section of the East-West transect by a factor of two . While this is highly uncertain, we do this 412 to make a first order estimate of the power plant plumes on the US side of the border. In this case, we have used 413 VCD influx = 2-3×10 15 molec cm -2 for NO x and zero for SO 2 since the background region SO 2 DSCDs were at or 414 below detection limits. The NO x estimate used individual NO x /NO 2 ratios because the NO x /NO 2 ratio was 415 significantly higher in the plume than outside the plume. This illustrates the importance of in-situ instruments of 416 NO x /NO 2 , especially when close to the source where plume NO x /NO 2 ratios can be variable (Valin et al., 2013) . 
422
The NO x emission estimates from Sarnia from Day 1 are consistent within 25% and are consistent with the Day 2 423 estimates within the calculated error of approximately ±45% (Fig. 8, Table 4 ). Some variability between the 424 emission estimates is expected due to wind-data uncertainties, NO x /NO 2 vertical profile variability, errors introduced 425 by using a constant VCD influx and NO x lifetime, and temporal variations in emissions from the source. for Sarnia would be expected to be smaller than our measured emissions because of this exclusion. The measured 442 NO x emissions are larger than the 2017 NPRI value but not statistically so ( Fig. 8; Table 4 ). The exception is the 443 Day 1 route 1* value, which is statistically higher. The average of the four NO x emission estimates from Sarnia is 444 greater than the 2017 NPRI value. These results demonstrate that our measured emission rates are reasonable. Future
445
Mobile-MAX-DOAS studies could focus on determining diurnal trends in emissions by driving multiple routes at as 446 many times of the day as possible on multiple days, seasons and weekdays/weekends. Measurements of vertical 447 wind profiles could reduce emission uncertainty to allow identification of temporal trends by comparing same-day 448 measurements.
449
Apart from NO x , we were also able to estimate SO 2 emissions from the Sarnia urban/industrial region during one 450 route when the SO 2 DSCDs were detectable, Day 1 route 3 (Table 5 ). Our SO 2 emission estimate using the 10 m 451 wind-speed is consistent within error with the 2017 NPRI value ( 
469
The emission estimates of NO x from the two routes on Day 3 from the NOVA Chemicals industrial site (Tables 4 &   470 5) are consistent with each other within 10%. The consistency increases confidence in fitting the spectra in each 471 transect against a local FRS and removing influx using the average "background" VCDs rather than using the 472 "DSCD Offset " method in this case. The use of "background" VCDs is appropriate because vehicular traffic upwind of 473 the measurement transect is minimal in the local area. Upwind emissions were unlikely to have contributed 474 significantly to the total measured emissions. The emission estimates from NOVA Chemicals are larger than the 475 2017 NPRI value (Tables 4 & 5) . This comparison merely indicates that the Mobile-MAX-DOAS values are 476 reasonable given that there was likely diurnal variability and the measurements were taken only during a single hour 477 on a single day.
478
Comparison of OMI Satellite and MAX-DOAS VCDs
479
The satellite and MAX-DOAS NO 2 VCDs on Day 1 exhibit similar spatial trends in the simple sense that NO 2 480 VCDs increase towards the south from the background regions north of Sarnia (Fig. 10) . This trend is probably due typically higher speeds than those near the surface. Future studies could focus on reducing uncertainty by using 499 measurements from sodar, lidar, tall towers, balloon soundings, or a radio acoustic meteorological profiler. In this 500 study, uncertainty was increased (18-30% based on sensitivity analysis; see supplementary S5 & S7) because 501 driving routes could not always include measurements along influx regions (Day 1) due to road proximity to sources 502 or obstructions to the viewing field. Future experiments could measure influx values while stationary at multiple 503 locations along the upwind region chosen for an unobstructed viewing field. Very low background trace-gas levels 504 also resulted in SO 2 DSCDs that were below detection limit most of the time, while being occasionally below 505 detection limit for NO 2 (Fig. 2e) . A spectrometer with higher sensitivity giving lower detection limits could solve 506 this issue. Increased averaging of spectra would also improve detectability but at the expense of worse spatial 507 resolution, unless measurements can be made at a slower driving speed. Uncertainty in the NO x lifetime was a small 508 contribution to uncertainty in this study (up to ±12%) because the distances and transport times between source and 
516
In this study, we combined Mobile-MAX-DOAS techniques with mobile NO x measurements and a modular 517 meteorological station to measure emissions of NO x and SO 2 from the Sarnia region, a relatively small 518 urban/industrial city. Trace-gas VCDs were determined using the DSCD offset method (Wagner et al., 2010) or by 519 fitting measured spectra against a route-local low pollution spectrum. Both methods provided good results, which 520 suggest that the first method is ideal if there are many hours of measurements while the second method is ideal when 521 short routes contain low-pollution regions. Average lower limit Mobile-MAX-DOAS emissions of NO x from Sarnia 522 were measured to be 1.60 ± 0.34 tonnes hr -1 using 10 m elevation measured wind-speeds. The estimates were larger 523 than the downscaled 2017 NPRI reported industrial emissions of 0.9 tonnes hr -1 (Environment and Climate Change measurement for Sarnia was 1.81 ± 0.83 tonnes hr -1 using 10 m wind-speeds, which is equal within uncertainty to 526 the 2017 NPRI value of 1.85 tonnes hr -1 (Environment and Climate Change Canada, 2018c). Our average lower 527 limit NO x emission measurement from the NOVA Chemicals Facility was 0.28 ± 0.06 tonnes hr -1 , the same order of 528 magnitude as the 2016 NPRI value of 0.14 tonnes hr -1 (Environment and Climate Change Canada, 2018a).
529
Simultaneous measurements of NO-NO 2 -NO x improved the accuracy of NO x emission estimates when plumes of 530 varying ages were observed. The NO x results from Days 1 and 2 suggest that accurate Mobile-MAX-DOAS NO x 531 emission measurements from routes that observe plumes with differing ages require accurate knowledge of the 532 localized NO x /NO 2 ratio.
533
The variability in the ratio of the NO 2 VCDs and mixing ratios indicates that surface NO 2 mixing ratios cannot be , 11(23), 12475-12498, doi:10.5194/acp-11-12475-2011, 2011 . 
